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ABSTRACT 
Sessile communities provide an ideal opportunity to understand how population 
interactions are structured in space, and in turn, how this structure influences population 
dynamics. The yellow tube sponge, Aplysina fistularis is common on Caribbean coral 
reefs and is involved in four main types of ecological interactions: symbiosis, predation, 
disease, and competition. We used spatial and multivariate analysis to describe the 
population structure of A. fistularis on the Belizean barrier reef, and consequently, how 
the observed spatial structure influenced sponge morphology and the frequency of 
population interactions. We found that sponges were non-randomly distributed across the 
reef, with both local density and tendency towards a clustered spatial distribution 
increasing with depth. Sponge morphology also varied with depth; deeper sponges were 
larger and had fewer tubes then their shallower conspecifics. Local density and spatial 
autocorrelational patterns were not significant predictors of population interactions. The 
frequency of symbiosis, characterized by the presence of the fish Elacatinus lori, 
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increased with depth, sponge size, and number of sponge tubes. The incidence of 
predation increased with depth, number of tubes, and the interaction between these two 
variables. The chance of disease decreased with increasing sponge size. Lastly, the 
frequency of spatial competition decreased with depth. These results highlight the 
unexpected finding that in this system, symbiosis, predation, disease, and competition, 
are density independent, specifically they are not predicted by local density or spatial 
autocorrelational patterns.  Overall, this study provides an essential framework that will 
greatly enhance our knowledge of sponge ecology on coral reefs. 
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1 
INTRODUCTION 
A major goal of population ecology is to understand how population interactions 
are structured in space, and in turn, how this structure influences population dynamics. 
Spatial population structure can be particularly evident for communities of immobile 
taxa, such as plants and sessile invertebrates due to the fact that sessile organisms tend to 
be non-randomly distributed in space. Specifically, individuals are commonly over or 
under dispersed, isolated or clustered, across landscapes. In these types of spatially 
explicit populations, spatial structure often strongly influences population interactions 
because sessile species lack the ability to escape negative or seek out positive 
interactions. (Tilman and Kareiva 1997; Dieckmann et al. 2000).Thus communities of 
immobile organisms (e.g., prairie grasses or corals) often display clear variation in both 
spatial patterns and interaction dynamics (Tilman and Kareiva 1997; Holyoak et al. 
2005). These two qualities of sessile communities provide the perfect opportunity to 
explore the relationship between spatial structures and population interactions. 
Much of what we know about spatial structures and population interactions comes 
from studies done in terrestrial systems (Tilman and Kareiva 1997; Dieckmann et al. 
2000). This is because in most marine studies depth, the vertical z component of space, is 
often the only variable used to describe spatial patterns such as abundance and density 
(e.g., Rützler and Macintyre 1982; Wilkinson and Evans 1989; D’Aloia et al. 2011). 
Although useful, depth alone cannot be used to describe completely the spatial patterns of 
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population structure, e.g., whether individuals are isolated, clustered or randomly 
distributed – to understand those spatial patterns the horizontal, x and y, components of 
space must also be measured. There is very little information concerning how horizontal 
(x,y) spatial patterns influence population interactions in marine ecosystems (see Easson 
et al. 2013 for a notable exception).  This is probably due to the fact that describing 
horizontal patterns requires the detailed mapping of individuals over a large area, which 
can be extremely time and effort-intensive, especially when working in subtidal 
environments.  To bridge this gap in our knowledge of spatial population structure in 
marine systems we investigate how population interactions with a marine sponge vary 
across three dimensions.  
 
Before considering how spatial patterns influence population interactions it is first 
necessary to define how space effects sessile benthic organisms in general. Because most 
marine studies have focused on depth as the primary spatial component, we have a wealth 
of information showing that depth is a strong driver of invertebrate morphology 
(Chappell 1980; D’Aloia et al. 2011), species composition (Rützler and Macintyre 1982), 
and abundance (Diaz and Rützler 2001). For example, Wilkinson and Evans (1989) found 
that sponge biomass, species richness, and individual abundance all increase with depth 
on the Great Barrier Reef. Sessile invertebrate population dynamics along horizontal 
dimensions (x,y) have not been studied beyond recognizing that sessile taxa may display 
clumped, isolated, or dispersed spatial patterns (Lentz et al. 2011; Easson et al. 2013). 
Overall, we lack an understanding of how space affects benthic organism morphology, 
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distribution, and abundance and therefor how population interactions (e.g., symbiosis, 
predation, disease and spatial competition) are structured within these spatially explicit 
populations. 
 
The first ecological interaction we examine is symbiosis. For symbiotic 
interactions, the patchiness of a habitat can determine the rate, type, or number of 
symbionts associated with a host (Dieckmann et al. 2000). For example, the symbiotic 
relationship between the crab Dissodactylus mellitae and the sand dollar Mellita 
quinquiesperforata varies depending on whether hosts are dispersed or clustered (Bell 
1984). When hosts are dispersed, they become quickly occupied with crabs and there is a 
tendency towards crabs on the same sand dollar to be of the same sex due to male 
intolerance of female co-inhabitants on isolated hosts. Conversely, when hosts are 
clustered the rate of transfer between sand dollars increases, the number of crabs per host 
decreases, and heterosexual pairs are observed. Thus, horizontal host spatial structure not 
only influences the number of symbionts per host, but also the social behavior of 
symbionts.  
 
The spatial structure of sessile prey communities can greatly influence the rate 
and intensity of predation (Paine 1966, 1969). Many studies have shown that increased 
prey density results in a greater rate of predation up to a certain asymptotic level (Holling 
1965; Goss-Custard 1970). Therefore, when food sources are patchily distributed 
predators may target prey found in dense patches depending on the level of resource 
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competition in those patches and also predator behaviors (Hassell 1966; Emlen 1966; 
MacArthur and Pianka 1966). For example, in rocky intertidal environments the predator 
Pisaster ochraceus seeks out and feeds upon dense patches of Mytilus californianus 
(Paine 1966). Low survival of M. californianus in zones where P. ochraceus is abundant 
has encouraged a strict vertical zonation of the intertidal where M. californianus occupies 
areas inaccessible to P. ochraceus (Paine 1966). Thus, the density and vertical spatial 
structure of M. californianus has been shown to greatly influence predation. The studies 
from the intertidal provide a solid base of knowledge which we can use to help 
understand the impact of predators on other spatially structured systems such as coral 
reefs.  
 
In marine ecosystems, the rate of reported coral and sponges diseases has 
increased dramatically in the last decade (Porter et al. 2001; Olson et al. 2006). 
Surprisingly, there is not much known about how dispersed, isolated or clustered, spatial 
patterns of sessile invertebrates influence disease. One study by Easson et al. (2013) 
showed that the spatial position of sponges determined the probability of being infected: 
sponges which displayed a clustered spatial pattern were more likely to be infected versus 
those that were isolated or dispersed. This type of disease spatial pattern suggests that the 
disease might be spread through contact or proximity. Conversely, Lentz et al. (2011) 
found that the clustering pattern of an outbreak of White Band Disease did not mirror the 
density or clustering (x,y) pattern of its host, Acropora palmata, suggesting that 
transmission of the disease was not contact dependent. Understanding the spatial 
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distribution of healthy and diseased individuals can provide insight into how marine 
diseases are contracted and spread.  
 
Competition for space between benthic organisms is an important structuring 
force that has profound effects on individual abundance, species diversity, and ecosystem 
stability of coral reefs (Connell 1961; Connell et al. 2004; Chadwick and Morrow 2011). 
As with other ecological interactions, spatial dynamics have been found to influence the 
intensity and rate of competitive interactions between species. This is because spatial 
competition between sessile taxa is greatly influenced by the location, abundance, and 
density of individuals (Connell 1961; Connell et al. 2004; Idjadi and Karlson 2007; Amar 
et al. 2008; Chadwick and Morrow 2011). On coral reefs, Idjadi and Karlson (2007) 
studied how coral spatial patterns influence the rate of competitive interactions. They 
found that aggregations of strong coral competitors allowed weaker competitive coral 
species to persist. This is because when conspecific aggregations are formed there are 
less overall heterospecific interactions and consequently fewer negative interactions for 
weaker competitors. Therefore, overall spatial competition should be reduced when a 
species displays strong clustering patterns, even within dense patches of competitors. 
Conversely, dispersed individuals may have a greater number of interspecific interactions 
because they are not surrounded by conspecifics (Connell 1961; Amar et al. 2008; 
Chadwick and Morrow 2011). Understanding the spatial structure of competitive 
interactions is important because it will help us predict population dynamics as species 
abundances and thus spatial patterns change on coral reefs.  
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With all of these interactions it is also important to note that characteristics of the 
focal species may be strong predictors of population interactions, irrespective of spatial 
(x,y,z) patterns. For example, with microhabitat attached symbionts (i.e., clownfish), 
characteristics of the host can be overwhelmingly strong drivers of symbiont presence 
and abundance. Many studies have shown that host size is often directly correlated to the 
number of symbionts present, suggesting that microhabitat attached species may prefer 
and seek out large over small hosts (Fautin 1992; Kuwamura et al.1994; Elliott and 
Mariscal 2001; D’Aloia et al. 2011). In the case of predation, prey quality can 
significantly influence predation rates; McIlwain and Jones (1997) found that a 50% 
increase in feeding was observed when coral were damaged or diseased, suggesting that 
predators seek out certain types of prey sources, regardless of prey density or spatial 
patterns (Chong-Seng et al. 2011).  Therefore, in this study we simultaneously consider 
the effects of species morphology, and spatial (x,y,z) patterns on the frequency and rate of 
population interactions using multivariate techniques.  
 
To broaden our understanding of spatial patterns and processes in marine 
ecosystems, we investigated the spatial ecology of the yellow tube sponge, Aplysina 
fistularis. A. fistularis is common on Caribbean coral reefs and is found in densities 
ranging from 0.004 to 0.05 m-2 with peak densities occurring between 15-20 m depths 
(D’Aloia et al. 2011). As with other tube and massive form sponges, the maximum tube 
size and morphology (number of tubes) of A. fistularis is correlated with depth 
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(Wilkinson and Evans 1989; D’Aloia et al. 2011): individuals tend to be larger and have 
fewer tubes at deeper depths and smaller but have more tubes at shallow depths. A. 
fistularis is an important part of the coral reef ecosystem as this sponge provides habitat 
many invertebrates and fish (Diaz and Rützler 2001; D’Aloia et al. 2011). In particular, 
A. fistularis provides essential habitat for the goby Elacatinus lori: the probability of E. 
lori occupancy increases with depth, sponge size, and number of sponge tubes (Colin 
2002; D’Aloia et al. 2011). Taken together, these results show that in A. fistularis, the 
vertical (z) component of space is associated with variation in population density, 
individual characteristics, and one population interaction (symbiosis). This lays the 
foundation for investigation of the effects of the horizontal (x,y) components of space on 
this population of sponges and its associated population interactions.  
 
Overall, this study has three main goals: 1) to describe the spatial structure of A. 
fistularis in three dimensions; 2) to describe the effect of spatial structure (x, y, and z 
components) on the individuals’ characteristics; and, 3) to determine how spatial 
structure and individual characteristics affect four major classes of ecological 
interactions: symbiosis, predation, disease, and competition for space. 
 
 
 
 
 
 
 
8 
 
METHODS 
Study site  
This study was conducted on the Belizean barrier reef directly off Carrie Bow 
Caye, Belize (16°48’10” N 88°05’45”W) from May to July 2013. This site was chosen 
for two reasons: 1) a previous study by Rützler and Macintyre (1982) described the 
distinct reef zones at this site in some detail; and 2) a previous study by D’Aloia et al. 
(2011) described the distribution and abundance of the yellow tube sponge Aplysina 
fistularis at this site. Taken together these studies provided a foundation upon which this 
study could build.    
 
Sponge survey and mapping 
To describe the spatial structure of A. fistularis in three dimensions, individual 
sponge positions needed to be described at our study site. To do this, the study began by 
establishing a 100 m by 110 m plot on the inner reef slope part of the outer fore reef, just 
off Carrie Bow Caye (Rützler and Macintyre 1982; D’Aloia et al. 2011).  The plot was 
gridded off with survey line in 50 m by 50 m squares using a 50 m transect tape and a 
compass on SCUBA. The plot started at 7 m depth and finished at 30 m depth in a sand 
trough. To facilitate relocation of the plot and subsequent conversion of plot coordinates 
to Universal Transverse Mercator (UTM) coordinates, GPS way points were recorded at 
each corner and in the center of the plot using a Garmin GPSMAP® 76Cx in an 
underwater housing (Sound Ocean Systems).  
 
 
 
9 
Once the plot was established, a team of divers mapped the location of every A. 
fistularis by working in 10 m by 10 m grids. In each 10 square meter grid, two 10 m 
transect tapes were laid out, with the first one running east to west and the second 
running south to north. Each sponge was marked with a unique ID tag to facilitate later 
recognition.  At each sponge, a diver obtained a local x, y coordinate (determined by 
meters from origin) using the transect tapes and plotted the location of the sponge on 
graph paper. The z coordinate (depth m) was obtained from a dive computer 
measurement taken at the base of each sponge. The number of sponge tubes was counted 
and the max tube length was measured to the nearest 0.5 cm using a flexible fiberglass 
measuring tape. This process was repeated for all 10 m by 10 m squares in the 100 m by 
110 m plot.  
Once the mapping was complete, the position of sponges within plot were 
converted into UTM coordinates based on their relationship to the GPS waypoints taken 
at the corners and the middle of the plot. The location of each sponge and its 
corresponding biological interaction were then mapped in ArcGIS (ESRI 2011 Redlands, 
CA: Environmental Systems Research Institute) using the NAD 1983 UTM Zone 16N 
projection. Maps were generated for all sponges and each biological interaction (see 
below).  
10 
Population interactions 
After mapping was complete, the incidence of four population interactions was 
measured for each sponge. A. fistularis is involved in four easy to quantify population 
interactions: 1) Symbiosis- the fish Elacatinus lori lives inside the tubes of A. fistularis 
and their presence is easily assessed in situ (Colin 2002; D’Aloia et al. 2011); 2) 
Predation- many invertebrates, fish, and turtles eat sponges and leave behind distinct bite 
marks and scars in the sponge tissue (Dunlap and Pawlik 1996; Diaz and Rützler 2001); 
3) Disease- Sponge disease is easily recognizable as a distinct area of tissue necrosis,
usually covered in a colored filamentous algae (Webster 2007; Easson et al. 2013); and 4) 
Competition for space- A. fistularis may engage in spatial competition with other benthic 
invertebrates (Rützler 1970; Jackson and Buss 1975; Chadwick and Morrow 2011) as it 
harbors many numerous secondary metabolites which assist in allelopathic interactions 
(Thompson 1985), antifouling (Pereira et al. 2002), and antimicrobial activity (Tymiak 
and Rinehart 1981). 
The first population interaction, symbiosis, was scored while SCUBA diving. The 
presence and absence of the symbiotic coral reef fish Elacatinus lori was recorded.. If E. 
lori were present, individuals were extracted from the sponge using a slurp gun and 
measured in a hand net using calipers to the nearest 0.5 mm (D’Aloia et al. 2013; 
Rickborn and Buston in review).  
11 
 
The remaining population interactions were scored from photographs. An upslope 
(westward) facing picture of each sponge was taken and linked to the sponge’s unique ID 
tag. Images were loaded into ImageJ (v.1.48) (Abràmoff et al. 2004; Papadopulos et al. 
2007). Sponge predation was determined by the presence or absence of distinct bite 
marks.The amount of sponge eaten was determined by tracing the area of the bite marks 
and then the entire sponge using the measuring tool in ImageJ (v.1.48) (Papadopulos et 
al. 2007). Percentage eaten was calculated by dividing the bite mark area by the total area 
of the sponge.  
 
Next, disease presence and extent (percent diseased) were recorded for each 
sponge. Common signs of disease in sponges include bleached spots, necrotic lesions, 
and colonization of lesions by filamentous algae (Webster 2007; Easson et al. 2013). In 
Aplysina fistularis, diseased sponges presented discolored regions of necrotic tissue that 
were often colonized by a rust colored filamentous algae. Disease extent was determined 
by dividing the area of dead tissue by the total area of the sponge using the measuring 
tool in ImageJ (v.1.48) (Papadopulos et al. 2007).  
 
Last, the presence or absence of spatial competition between A. fistularis and 
other benthic organisms was assessed. A sponge was determined to be in spatial 
competition if it showed direct contact with a coral, sponge, or tunicate in its 
identification picture. Interactions were rated “positive” for when A. fistularis was 
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growing on top of another organism, or “negative” for when it was being overgrown 
(Rützler 1970; Jackson and Buss 1975; Aerts and Van Soest 1997).  
 
Spatial analysis 
To determine the horizontal (x,y) spatial patterns of individual sponges three types 
of spatial analysis techniques were used. The first technique, Global Moran’s I test, 
assessed the degree of autocorrelation at the population level. Specifically, it helped 
reveal whether the population of sponges were clustered, dispersed or isolated across the 
entire plot (Moran 1950; Anselin 1995; Mitchel 2005; Anselin and Getis 2010; Easson et 
al. 2013). The second technique used, Anselin Local Moran’s I test, identified clustering, 
isolation, or dispersion at the level of the individual sponge (Anselin 1995; Mitchel 2005; 
Easson et al. 2013). Third, because we know the density of A. fistularis varies with depth 
(D’Aloia et al. 2011), a measure of local density was calculated using closeness centrality 
(Junker and Schreiber 2008).  
 
To complete these three spatial techniques, sponge locations had to be first plotted 
and then mapped in ArcGIS. To do this, sponge locations were entered in ArcGIS as 
point vectors divided into three depth classes; 0 ≥ 10 m, 10 ≥ 20 m, and 20 ≥ 30 m. 
Tension-type spline interpolation was used to create a 1 m resolution bathymetric surface 
and location map based on the depths from all 363 sponges in the study (Mitchell 2005). 
This interpolation method preserves sponge depth points and thus allowed us to create a 
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bathymetric surface map that most closely resembled the actual reef floor of this study 
area.  
Next, the scale at which the global and local Moran’s I tests were run were 
determined. To do this, Thiessen polygon layers were created for each sponge point so 
that each polygon was associated with a single sponge and its corresponding 
characteristics. This approach was chosen because it has shown to be an effective 
representation of spatial relationships among individuals at this small (0.5-10 m) scale 
(Anselin 1995; Cole and Syms 1999; Easson et al. 2013). After creating a polygon layer, 
spatial weights matrices were calculated for all sponges.  
The spatial weights matrices files and the Thiessen polygon layers were used as a 
spatial scale reference when running the Global Moran’s I and the Anselin Local Moran’s 
I tests in the spatial analysis toolkit in ArcGIS (Easson et al. 2013). A students t-test was 
used to assess the significance (α= 0.05) of Global and Anselin Local Moran’s I values. 
Index scores with p-values <0.05 were considered to represent significant spatial 
autocorrelation. Sponges were assigned a categorical Moran’s variable that described 
their spatial patterns; D= dispersed or isolated, C= clustered, NA= no significant spatial 
pattern detected.  
Sponge locations were also used to assess local closeness centrality, which can be 
used as a measure of connectedness or density for each individual sponge (Junker and 
14 
Schreiber 2008). To calculate closeness centrality the distance between each sponge and 
its nearest six neighbors was determined from a distance matrix and then summed. 
During modeling, sponges near the edge of the 100 m by 110 m plot were removed when 
investigating the significance of the relationship between density and biological 
interactions. This was done to account for the fact that closeness centrality may be 
overestimated in these sponges due to edge effects (i.e., large centrality measures caused 
by neighbors to one side not being sampled due to their location outside the study area).  
Statistical analyses 
Analysis of variance (ANOVA) was used to assess how sponge characteristics 
(max tube length and number of tubes) varied between the three spatial metrics (depth as 
a continuous variable, closeness centrality, and Moran’s). Each model included a single 
continuous response variable that described sponge characteristics: maximum tube length 
or number of tubes. Each model also included three predictor variables related to space: 
depth (z), closeness centrality (local density), and Moran’s variable (x,y- local clustering). 
Tukey–Kramer tests were used for all post-hoc comparisons of sponge characteristics 
(JMP® PRO, V.10).  
To examine how the vertical (z, depth), and horizontal (x,y) spatial structures and 
characteristics of A. fistularis predict population interactions, a generalized liner 
regression (GLM) with a logit link function was used to describe each interaction.  Each 
GLM included a binomial response variable that described presence / absence of one of 
15 
the population interactions: 1) symbiosis; 2) predation; 3) disease; and, 4) spatial 
competition. Every model tested three predictor variables related to space: depth as a 
continuous variable, closeness centrality (local density), Moran’s variable (local 
clustering). Also, every model tested two predictor variables related to sponge 
characteristics: max tube length, number of tubes.  
To build each GLM, a forward model building approach was utilized to account 
for a priori knowledge of the relationship between A. fistularis morphology, E. lori 
occupancy, and depth (D’Aloia et al. 2011). For each binomial response variable 
describing a population interaction, effect factors were added to the model one-by-one 
and their significance was determined by an effect likelihood ratio test where variables 
with P >0.05 were excluded (JMP® PRO, V.10. SAS Institute Inc., Cary, NC, 2013). 
Once a best fit model was achieved, the interactions between significant variables were 
assessed in the same stepwise fashion. To avoid over fitting, final models were run 
through a forward stepwise regression analysis that included/ excluded parameters based 
on a minimum Bayesian information criterion (JMP® PRO, V.10). This process was 
repeated for each population interaction model.  
16 
Fig. 3 Population interactions with the sponge Aplysina fistularis: a the symbiotic reef 
fish Elacatinus lori inside a multi-tubed A. fistularis. b Single-tubed sponge showing bite 
marks which are archetypal of predation by a large turtle. c Rust colored filamentous 
algae overgrowing the outside of a sponge; this type of algal overgrowth is a typical sign 
of disease sponges of the genus Aplysina. d A. fistularis overgrowing the coral 
Siderastrea siderea. The tissue necrosis on the coral along the contact edge suggests 
allelopathic activity.  
17 
RESULTS 
Aplysina fistularis spatial structure 
Overall n = 363 sponges were mapped and measured. The population of A. 
fistularis in the study site showed variation in both vertical and horizontal spatial 
structure.  Sponge density is positively related to “depth”, with deeper sponges generally 
being more closely connected to their neighbors (r2 = 0.20; ANOVA: F = 85.90, df = 1, P 
< 0.001).  Furthermore, The Global Moran’s I test revealed significant spatial 
autocorrelation between sponges at different depths (I = 0.25, Var(I) = 0.001, z = 16.10, P 
< 0.001). Anselin Local Moran’s I revealed significant clustering of sponges at deeper 
depths and over-dispersion of sponges at shallower depths (Fig. 1). That is to say, not 
only does the density of sponges increase with depth (the number per unit area), but their 
horizontal distribution in x, y space shows that within these dense areas, sponges exhibit 
statistically significant individual-level spatial autocorrelation. 
Aplysina fistularis phenotypic characteristics 
For all sponges, tube size ranged between 1 – 84 cm with a mean ± S.D. size of 
19.9 ± 16.6 cm. Characteristics of the sponge varied with vertical space (depth); 
“Maximum tube length” is related to “depth” with the largest sponges occurring at deeper 
depths (r2 = 0.05; ANOVA: F = 18.4, df = 1, P < 0.0001). The number of tubes per 
sponge ranged between 0 – 6 tubes, with a mean ± S.D. of 1.3 ± 0.8 tubes per sponge.  
There was a weak relationship between “number of tubes” and “depth” with deeper 
sponges having fewer tubes than shallow sponges (Fig. 2; r2 = 0.01; ANOVA: F = 0.08, 
18 
df = 1, P = 0.08). Neither maximum tube length nor the number of tubes were related to 
local density or local clustering. “Maximum tube length” and “number of tubes” were 
positively correlated in all depth ranges (Fig. 2; r2 = 0.16; ANOVA: F = 16.5, df = 4, P < 
0.001). A post-hoc Tukey–Kramer test revealed that sponges at depths greater than 20 m 
had longer maximum tube lengths and also fewer tubes than sponges shallower than 15 m 
(P > 0.05) (Fig. 2).  
Fig. 2 Linear correlation between number of tubes and max tube length separated into 
four depth classes: solid line – 0 - 10 m; dotted line – 10.1 - 15 m; dashed line – 15.1 - 
20m; dashed dotted line – 20.1 - 30 m.  White diamonds represent the mean max tube 
length for each depth class; thick black lines represent the 95 % confidence interval for 
each mean. Sponges at depths greater than 20 m have longer maximum tube lengths and 
also fewer tubes than sponges shallower than 15 m (Post-hoc Tukey–Kramer test). 
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Aplysina fistularis population interactions 
Of the 363 sponges located, a subset (n =341) were used for the picture analysis 
of biological interactions. The remaining 22 sponges had pictures that were unsuitable 
(e.g., out of focus, blurry, shot at wrong angle) for image analysis.  
The occupation rate of sponges by the symbiotic fish Elacatinus lori was 31.37 % 
(n = 107 occupied sponges) (Fig. 3a). E. lori size ranged between 14 – 66 mm with a 
mean ± S.D. size of 35.06 ± 10.41 mm. “Max tube length” was positively correlated with 
“resident size” (E. lori standard length) (r2 = 0.09; ANOVA: F = 9.01, df = 1, P < 
0.0035). The probability of occupancy was not related to horizontal spatial structure (i.e., 
local density or spatial clustering or dispersion). Instead, E. lori presence was most 
strongly related to characteristics of the sponge and depth. Specifically, occupancy was 
positively correlated with “max tube length”, “depth” and “number of tubes” (Binomial 
generalized linear model (GLM): χ2 = 181.14, df = 3, P < 0.0001) (Table 1; Fig. 4).   
Evidence of predation (i.e., bite marks, Fig. 3b) was observed on 12.6% of 
sponges (n = 42). The total amount of sponge area covered in bite marks ranged from 0 – 
100 %, with a mean ± S.D. percent area of 1.02 ± 6.67 % missing due to predation.  
Predation was not correlated with horizontal spatial structure (i.e., local density or spatial 
clustering or dispersion). Instead, predation was positively correlated with “depth”, 
sponge characteristics- “number of tubes”, and the interaction of these two variables 
(GLM: χ2 = 24.11, df =3, P <0.0001) (Table 1; Fig. 5). The significant interaction 
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between depth and number of tubes reflects the finding that the relationship between 
these two variables differs between depth classes (Fig. 2).  
Diseased sponges commonly presented large patches of rust colored filamentous 
algae (Fig. 3c). Often there were significant areas of tissue necrosis along the leading 
edge of the diseased region. Diseased lesions were observed on 44.8 % of sponges (n = 
153). Percent area diseased ranged from 0 – 100 %; mean percent diseased ± S.D. was 
8.50 ± 16.42 percent. Disease was not correlated with depth, local density, or horizontal 
(x,y) spatial patterns. Rather, disease was associated with sponge characteristics- “max 
tube length” (GLM: χ2 = 27.14, df = 1, P  < 0.0001) (Table 1). Specifically, the 
probability of being diseased decreased with increasing max tube length (Fig. 6). 
Spatial competition was observed for 16.4 % of all sponges (n = 64). Out of these, 
87.5 % (n = 56) were “positive interactions” (i.e., sponges growing over another 
organism), and 12.5 % (n = 8) were rated “negative interactions” (i.e., sponge being 
overgrown by another organism). Within the “positive interactions” A. fistularis 
overgrew coral n= 42 times and sponges n=14 times. A. fistularis commonly overgrew 
stony corals (i.e., siderastrea siderea, Fig. 3d) and other Aplysina sponges (i.e., Aplysina 
cauliformis). Within the “negative interactions” A. fistularis was overgrown by sponges 
n=7 times and once by a tunicate. Encrusting sponges and the tunicate Trididemnum 
solidum were the most common types of overgrowing taxa; A. fistularis was not observed 
to be overgrown by any type of coral species. Spatial competition was not correlated with 
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local density or horizontal (x,y) spatial patterns. Instead, spatial competition varied with 
vertical space- “depth” (GLM: χ2 = 9.58, df = 1, P = 0.002) (Table 1). Specifically, the 
probability of competitive interactions occurring decreases with increasing depth (Fig. 7). 
Surprisingly, the population level metrics of the sponge, i.e., spatial patterns 
(measured as clustered, dispersed, or non-autocorrelated – see Fig. 1) and the local 
density (measured by the area or Thiessen polygons or by closeness centrality), were not 
significant predictors of population interactions. There are two plausible explanations for 
these results.  First, it’s possible that these population level metrics do not influence 
population level interactions at this spatial scale.  Second, it is possible that low sample 
sizes of positive interactions within clustering categories resulted in low statistical power. 
For example, there were only n=12 and n=8 cases of spatial competition in dispersed and 
clustered sponges respectively (Table 2). Although these differences may be detectable in 
a contingency analysis that considered the effect of spatial patterns on interactions in 
isolation, the effect of special patterns is “swamped” when using regression techniques. 
This swamping or masking effect is due to the low sample size and thus low predictive 
power of each clustering category (Qian 2011).  
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Table 1. Significant binomial generalized liner model predictors for the probability of an interaction with A. fistularis 
occurring.  
Interaction Predictor df Std Error χ2 p value 
Symbiosis (E. lori presence) Depth 1 0.04 18.83 <0.0001 
Max tube length 1 0.01 107.68 <0.0001 
No. Tubes 1 0.22 6.96 0.008 
      
Predation Depth 1 0.03 10.89 0.001 
No. Tubes 1 0.19 9.11 0.002 
Depth * No. Tubes 1 0.05 4.25 0.04 
      
Disease Max tube length 1 0.007 27.14 <0.0001 
      
Spatial competition Depth 1 0.03 9.58 0.002 
Table 2. The number of occurrences (n) of interactions within each spatial category. 
Interaction non-spatially autocorrelated sponges Dispersed sponges Clustered sponges 
Symbiosis 76 5 26 
Predation 27 3 12 
Disease 98 22 33 
Spatial Competition 44 12 8 
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DISCUSSION 
Sponge population and spatial distribution 
In this study we simultaneously investigate the spatial distribution of A. fistularis, 
how spatial patterns influence sponge characteristics, and how spatial patterns and sponge 
characteristics influence population interactions using a variety of spatial analyses and 
multivariate techniques.  
Concerning the first goal of the study, we found that the spatial distribution of A. 
fistularis in the study plot varied across vertical (z, depth) and horizontal (x,y) spatial 
scales. Local density, which measured how connected an individual sponge is to its 
neighbors, increased with depth. This result is consistent with D’Aloia et al. (2011) who 
also studied A. fistularis in this area, indicating that the observed density pattern is stable 
over time (3 years) at this particular site on the reef. Furthermore, A. fistularis displayed 
two types of spatial autocorrelation that varied across vertical space, with dispersed 
sponges occurring at shallower depths and clustered sponges at greater depths (Fig. 1b). 
That is to say, at shallower depths, some sponges tend to be further apart than expected 
based on the background density, whereas at greater depths, some sponges tend to be 
closer together than expected based on the background density. 
With regards to the second goal of the study, sponge characteristics were found to 
be correlated with vertical but not horizontal spatial patterns. We found that sponge size 
increases with depth while the number of tubes decreases with depth. These results are 
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again, consistent with those of D’Aloia et al. (2011) indicating that the observed patterns 
are stable over time at this study site. Furthermore, we found that sponge size and number 
of tubes are positively correlated. Taken together, these observations can be explained by 
the fact that sponge size and number of tubes are positively correlated but only a subset 
of all the variation in sponge size and number of tubes is found at each depth (Fig. 2).  
Although the main purpose of the study was not to determine the cause of the 
observed spatial patterns, our results suggest plausible hypotheses as to why sponges 
display autocorrelation and variable densities across this site (Fig. 1b). It is well known 
that abiotic factors such as water flow and food availability (Lesser and Slattery 2013) 
have been shown to influence sponge distribution (Wilkinson and Evans 1989; 
Maldonado and Young 1996; Diaz and Rützler 2001). Here, comparing the location of 
the dense sponges in Fig. 1b to their approximate location in Fig. 1a reveal that dense 
sponges appear on the very edge of the forereef right before the slope advances steeply 
downwards. It’s plausible that this is an ideal sponge location because upwelling currents 
from the bottom of the reef supply the sponges with plankton dense water (Lesser 2006; 
Trussell et al. 2006). In fact, a study by Lesser and Slattery (2013) showed that 
picoplankton abundance (sponges main source of nutrients) increased with depth at this 
site on the reef. Increased food availability may allow sponges to survive longer and 
reproduce more than their (smaller) shallower conspecifics (Uriz et al. 1995). If the 
dispersal capabilities of A. fistularis larvae are similar to other species of demosponges, 
with low dispersal and preference to recruit to parental habitat (Mariani et al. 2006), then 
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increased reproduction in these areas would indeed lead to dense or clustered patches of 
sponges (Wilkinson and Evans 1989; Maldonado and Young 1996).  
Food availability can also explain the morphological differences of A. fistularis 
between depths (Fig. 2). A study by Lesser and Slattery (2013) showed that picoplankton 
abundance was the main driver of morphology-depth correlation of another demosponge, 
Callyspongia vaginalis, at Carrie Bow Caye, Belize. The logic underlying this hypothesis 
is that picoplankton will be more available at intermediate / deep depths, leading to 
higher growth rates (and consequently larger size) of sponges at these depths. 
Alternatively, morphological differences between depths could be caused by size-
selective abiotic pressures, such as exposure to storm surge and extreme currents 
(Wilkinson and Evans 1989; Diaz and Rützler 2001).  The logic underlying this 
hypothesis is that storm surge will be more intense at shallow depths, leading to the 
mortality of larger (more readily broken) sponges at these depths. Finally, if there is a 
history of size selective mortality as a function of depth, then natural selection will favor 
phenotypically plastic individuals that can adjust their morphology in response to their 
depth. Studies have shown that sessile invertebrates have evolved a plastic response to 
grow smaller in areas of high wave action due to high mortality of large individuals in 
these areas (Chamberlain and Graus 1975; Todd 2008). Overall, these results provide an 
important baseline for the future study of A. fistularis in this area.  
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Fig. 1 Two representations of sponge distribution in the study area: a An interpolated 
bathymetric surface of the study plot showing slope and the position of sponges 
represented by black dots. b Anselin Moran’s I quadrant showing sponges (black dots) 
and their associated Thiessen polygons. Sponges that display significant autocorrelation 
(P <0.05) have shaded polygon layers- dark grey polygons represent sponges showing 
statistically significant clustering while light gray polygons represent significantly 
dispersed sponges. Unshaded polygons (white) and their associated sponges do not 
display significant spatial autocorrelation.   
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Symbiosis
Given that the A. fistularis in our study site displayed a wide variation in spatial 
patterns and morphology, we investigated the relationship between spatial patterns, 
sponge characteristics, and the occupancy rate of the symbiotic fish Elacatinus lori. 
Concerning sponge spatial patterns, we hypothesized that E. lori would occur in locally 
dense and clustered sponges (vs. dispersed and non-autocorrelated sponges) more often 
than expected by chance because the short distance between dense and clustered sponges 
might facilitate fish movement between sponges, which is necessary for breeding (Wong 
2010). Short distances between sponges are important because not only are E. lori poor 
swimmers (i.e., lacking swim bladders) but they are quickly predated when caught 
outside the sponge tube (Colin 2002; personal observation). However, spatial patterns did 
not predict E. lori occupancy (Table 1). Because our hypothesis concerning why E. lori 
would be more common in dense sponges is based upon ease of movement for breeding, 
we could rephrase the original hypothesis to focus on fish movement rather than 
occupancy. For example, we could hypothesize that fish in dense sponges patches move 
and potentially breed more frequently than fish in dispersed habitats. This hypothesis 
could be tested by tagging individuals and tracking their movements and breeding over 
time.  
Occupancy of A. fistularis by E. lori was predicted by depth, sponge size, and 
number of sponge tubes (Table 1; Fig. 4). Specifically, incidence of occupancy increased 
with increasing sponge size, depth, and number of tubes. These results are congruent with 
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those found by D’Aloia et al. (2011), suggesting that this population interaction is stable 
over time at this site. As seen in Fig. 4b, sponge size seems to be a major predictor of E. 
lori occupancy. Additionally, we also found that sponge size and resident size were 
positively correlated (P < 0.0035). Taken together these results suggest that this 
symbiotic relationship may be size-structured rather than dependent on spatial 
relationships between individual sponges.  
A large literature on population interactions has shown that many coral reef 
species display size-structured interactions with sessile invertebrate hosts (Fautin 1992; 
Kuwamura et al.1994; Elliott and Mariscal 2001; D’ Aloia et al. 2010; Wong 2011). Size-
structured populations between fish and invertebrate habitats are thought to be caused by 
a mutual increase in resources (i.e., nutrients, protection from predation) when either 
organism is large (Porat and Chadwick-Furman 2004; Holbrook and Schmitt 2005; 
Holbrook et al. 2008; Roopin et al. 2008). Although no such studies have been done with 
sponges, it is possible that increased resources associated with large sponge/fish size are 
driving our observed size correlation, which could be a promising topic for future 
research.  
29 
Fig. 4 a Locations of sponges (black dots) and sponges harboring the symbiotic reef fish 
Elacatinus lori (white circles) across the study area. Depth is represented by shades of 
grey (3 m light grey to 30 m dark grey). b Solid line represents the probability of E. lori 
presence as predicted by maximum tube length (i.e., sponge size)(GLM). Shaded grey 
area represents the 95 % confidence interval for the probability of occupancy.  
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Predation 
Optimal foraging theory (OFT) predicts that predators will maximize their caloric 
intake per unit time (Emlen 1966; MacArthur and Pianka 1966). When habitats are 
patchy, OFT predicts that predation rates should increase with prey density. Thus in the 
case of the patchily distributed sponges, we hypothesized that predation would be more 
intense for sponges with high measures of local density or significantly clustered 
sponges. However, horizontal (x,y) spatial dynamics did not predict predation patterns; 
instead, predation was related to vertical space (depth) and sponge morphology (Table 2; 
Fig. 5).  
The fact that predation was not related to horizontal spatial patterns (i.e., local 
density and Moran’s Index) does not necessarily mean that predation is not influenced by 
sponge distribution. A study by Connell (1996) showed that the relationship between the 
mortality (predation rate) of the pomacentrid Acanthochromis polyacanthus and the 
abundance of its predators was only apparent at large (hundreds of meters) vs. small (tens 
of meters) spatial scales. In this study, our horizontal measures of space (local density 
and Moran’s index) were based on the scale of the individual sponge (< 10 m) while our 
vertical measure of space (depth) was based on the length of the plot (110 m), suggesting 
that the relationship between spatial patterns and chance of predation might only be 
detectable at large (> 100 m) scales for our system as well.  
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Vertical space (depth) was a major predictor of predation on A. fistularis (Fig. 
5b). The positive correlation between depth and incidence of predation may reflect 
differences in abundances and biomass of sponge predators between depths. A study by 
Friendlander and Parrish (1998) showed that coral reef fish biomass and diversity 
increased with depth and that mobile invertebrate feeders (e.g., spongivorous fish) were 
found in the greatest biomass in the deepest (>13.7 m) parts of their study plot. If 
spongivores are more abundant at deeper depths at our site as well, then that could 
explain our finding that predation increased with depth, independently of sponge 
clustering or local density patterns.  
We also found that the chance of predation increased with increasing number of 
tubes while controlling for the variation between number of tubes and depth, which 
suggests that predators preferred multi-tubed over single-tubed sponges (Table 2). One 
reason for this could be that multi-tubed sponges provide more cover for smaller 
spongivorous organisms when grazing. Many studies have shown that cover can 
significantly impact predation rates and prey choices in birds (Crowder and Cooper 1981; 
Grub and Greenwald 1982; Schneider 1984) and coral reef fish (Sale 1993). A possible 
future study could investigate the effect of cover (i.e., sponge tubes) on predation rates 
using a controlled choice experiment where small sponge predators choose between 
multi-tubed and single-tubed sponges. 
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Fig. 5 a Locations of sponges (black dots) and sponges showing evidence of predation 
(white circles) across the study area. Depth is represented by shades of grey (3 m light 
grey to 30 m dark grey). b Solid line  represents the probability of predation as predicted 
by depth (GLM). Shaded grey area represents the 95 % confidence interval for the 
probability of predation. 
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Fig. 6 a Locations of sponges (black dots) and sponges with disease (white circles) across 
the study area. Depth is represented by shades of grey (3 m light grey to 30 m dark grey). 
b Solid line represents the probability of disease as predicted by maximum tube length 
(i.e., sponge size) (GLM). Shaded grey area represents the 95 % confidence interval for 
the probability of disease. 
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Disease 
A previous study by Easson et al. (2013) showed that the sponge disease Aplysina 
Red Band Syndrome (ARBS) was transmitted to healthy sponges via contact (i.e., 
detached diseased fragments rolling on the bottom of the reef) with or being in close 
proximity to diseased sponges. Thus we hypothesized that sponges in clusters or with 
high measures of local density would have higher incidence of disease vs. dispersed and 
non-autocorrelated sponges. However, we found no relationship between sponge spatial 
patterns (horizontal and vertical) and incidence of disease. The lack of relationship 
between disease and spatial patterns does not necessarily rule out transmission by 
contact/proximity, but could suggest that other transmission mechanisms may be more 
relevant in this system. For example, biological vectors such as spongivorous taxa or 
species which use sponges for habitat have been found to spread disease between 
individuals (Webster 2007; Easson et al. 2013). To test this hypothesis, contact with 
diseased sponges and the spread of disease would have to be tracked over time.  
Although sponge disease was not related to spatial patterns, it was predicted by 
sponge morphology. We found that disease was related to sponge size and that percent 
chance of disease decreased with increasing sponge size (Table 1; Fig 6b). The 
correlation between decreasing sponge size and incidence of disease may actually be an 
artifact of being infected (Webster 2007). Easson et al. (2013) showed that ARBS lesions 
led to sponges fragmenting and thus loosing biomass and becoming smaller. In our study, 
plot we observed diseased sponges which had  experienced recent tissue loss, 
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characterized by newly exposed bright yellow tissue (Fig. 3c), suggesting that diseased A. 
fistularis were also prone to breaking. Overall, more information is needed concerning 
the effect of marine diseases on sponge populations as the rate of reported marine sponge 
disease is rapidly increasing in this area (Cervino et al. 2006; Webster 2007; Easson et al. 
2013).  
Competition 
Spatial competition can be greatly influenced by the location of individuals 
(Chadwick and Morrow 2011). On coral reefs, Idjadi and Karlson (2007) showed that 
aggregations of strong coral competitors allowed weaker competitive coral species to 
flourish. This is because when conspecific aggregations are formed, there are less overall 
heterospecific interactions and consequently fewer negative interactions for weaker 
competitors. Thus we hypothesized that isolated sponges would have a greater probability 
of engaging in spatial competition vs. sponges in that were clustered or had a high 
measure of local density. However, the horizontal spatial distribution of A. fistularis was 
not a predictor for the incidence of spatial competition. This may be because aggregations 
of A. fistularis were not dense or clustered closely enough to abate heterospecific 
interactions. In the study by Idjadi and Karlson (2007), they used the coral Porites lobata 
to model the effect of horizontal space on species competition. P. lobata is a massive 
boulder coral that takes up a substantial amount of horizontal space and so fewer colonies 
are needed to make a dense patch of coral. Accordingly, a cluster of P. lobata would take 
up significantly more benthos than a cluster of tube sponges like A. fistularis which tend 
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to have relatively narrow bases (compared to a colonial coral). Other studies investigating 
the effect have also used taxa which are horizontally prominent, such as tomato plants 
(Norris et al. 2001) and grass species (Tilman and Kareiva 1997; Dieckmann et al. 2000; 
Stoll and Prati 2001). Therefore, the effect of clustering may be a less important predictor 
of spatial competition for tubes sponges and other species that exhibit more vertical as 
opposed to horizontal growth patterns.  
The model of spatial competition showed that depth was the main predictor of 
spatial competition for A. fistularis. Specifically we found that spatial competition 
decreased with increasing depth (Table 1; Fig. 7). One explanation for this correlation is 
that differences in species composition across depths can result in altered competition 
dynamics (Chadwick and Morrow 2011). For example, A. fistularis frequently overgrew 
corals like Siderastrea siderea (Fig. 3d) which are more common in the shallow but rare 
in the deep areas of the reef at this site (Rützler and Macintyre 1993). In the future, 
studies could examine how species composition predicts spatial competition between 
depths.  
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Fig. 7 a Locations of sponges (black dots) and sponges engaged in spatial competition 
(white circles) across the study area. Depth is represented by shades of grey (3 m light 
grey to 30 m dark grey). b Solid line represents the probability of spatial competition as 
predicted by depth (GLM). Shaded grey area represents the 95 % confidence interval for 
the probability of spatial competition. 
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Conclusions 
Poriferans are perhaps the most prolific, abundant, and speciose group of coral 
reef invertebrates, and yet relatively little is known about their ecology (Diaz and Rützler 
2001). This study provides the first description of sponge spatial population structure, 
showing that sponges display significant variation in their spatial structure across coral 
reef zones. Our results build on a previous study the ecology of A. fistularis, by 
demonstrating that previously documented patterns are consistent over time, while also 
showing how spatial patterns, environmental gradients, and sponge characteristics shape 
ecological interactions.  
Most importantly this research highlights two significant findings. The first being 
that A. fistularis size, density, and tendency towards clustering not only increases with 
depth, but is also correlated with reef topography. The map of sponge position revealed 
that sponges are most locally dense and clustered at the reef escarpment, a trend that has 
been shown for other tube sponges in this area (Diaz and Rützler 2001; Lesser and 
Slattery 2008). If filter-feeding tube sponges are indeed more common on the escarpment 
verses other parts of the reef, the biology of this area could be significantly altered by the 
presence of this invertebrate “wall of mouths” (Hamner et al. 1988). Therefore, the 
ecology of invertebrates on Caribbean reef escarpments is worth investigating in future 
studies. 
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Secondly, we highlight the finding that the ecology of A. fistularis is independent 
of density and horizontal spatial patterns. However, this result should be interpreted with 
caution as density and spatial autocorrelation has been shown to be a major driver of 
ecological interactions in many other ecosystems (Tilman and Kareiva 1997; Dieckmann 
et al. 2000). To reinforce the conclusion that the ecology A. fistularis is truly independent 
of density and spatial autocorrelation, repeated measures of ecological interactions should 
be taken over a longer period of time to account for the spatial- temporal variability that 
is inherent in any ecosystem. Overall, this study provides an essential framework that can 
be used to investigate the cause of the observed patterns which will greatly enhance our 
knowledge of sponge ecology on coral reefs. 
40 
REFERENCES 
Abràmoff MD, Magalhães PJ, Ram SJ (2004) Image processing with ImageJ. 
Biophotonics international 11:36-42 
Aerts L, Van Soest R (1997) Quantification of sponge/coral interactions in a physically 
stressed reef community, NE Colombia. Marine ecology progress series 148:125-
134 
Amar K-O, Chadwick NE, Rinkevich B (2008) Coral kin aggregations exhibit mixed 
allogeneic reactions and enhanced fitness during early ontogeny. BMC 
evolutionary biology 8:126 
Anselin L (1995) Local indicators of spatial association—LISA. Geographical analysis 
27:93-115 
Anselin L, Getis A (2010) Spatial statistical analysis and geographic information systems 
Perspectives on Spatial Data Analysis. Springer, pp35-47 
Bell JL (1984) Changing residence: Dynamics of the symbiotic relationship between 
Dissodactylus mellitae Rathbun (Pinnotheridae) and Mellita Quinquiesperforata 
(Leske)(Echinodermata). Journal of experimental marine biology and ecology 
82:101-115 
Cervino JM, Winiarski-Cervino K, Polson SW, Goreau T, Smith GW (2006) 
Identification of bacteria associated with a disease affecting the marine sponge 
Ianthella basta in New Britain, Papua New Guinea. Marine Ecology Progress 
Series 324:139-150 
Chadwick NE, Morrow KM (2011) Competition among sessile organisms on coral reefs. 
In: Dubinsky Z, Stambler N (eds) Coral Reefs: An Ecosystem in Transition. 
Springer Netherlands, pp347-371 
Chamberlain Jr JA, Graus RR (1975) Water flow and hydromechanical adaptations of 
branched reef corals. Bulletin of Marine Science 25:112-125 
Chappell J (1980) Coral morphology, diversity and reef growth. Nature 286: 249 - 252 
Chong-Seng KM, Cole AJ, Pratchett MS, Willis BL (2011) Selective feeding by coral 
reef fishes on coral lesions associated with brown band and black band disease. 
Coral Reefs 30:473-481 
Cole RG, Syms C (1999) Using spatial pattern analysis to distinguish causes of mortality: 
an example from kelp in north‐eastern New Zealand. Journal of Ecology 87:963-
972 
41 
 
Colin PL (2002) A new species of sponge-dwelling Elacatinus (Pisces: Gobiidae) from 
the western Caribbean. Zootaxa 106:1-7 
Connell JH (1961) The influence of interspecific competition and other factors on the 
distribution of the barnacle Chthamalus stellatus. Ecology 42:710-723 
Connell SD (1996) Variations in mortality of a coral-reef fish: links with predator 
abundance. Marine Biology 126:347-352 
Connell JH, Hughes TP, Wallace CC, Tanner JE, Harms KE, Kerr AM (2004) A long-
term study of competition and diversity of corals. Ecological Monographs 74:179-
210 
Crowder LB, Cooper WE (1982) Habitat structural complexity and the interaction 
between bluegills and their prey. Ecology 63:1802-1813 
D’Aloia C, Majoris J, Buston P (2011) Predictors of the distribution and abundance of a 
tube sponge and its resident goby. Coral reefs 30:777-786 
D'Aloia C, Bogdanowicz S, Majoris J, Harrison R, Buston P (2013) Self‐recruitment in a 
Caribbean reef fish: a method for approximating dispersal kernels accounting for 
seascape. Molecular ecology 22:2563-2572 
Diaz MC, Rützler K (2001) Sponges: an essential component of Caribbean coral reefs. 
Bulletin of Marine Science 69:535-546 
Dieckmann U, Law R, Metz JA (2000) The geometry of ecological interactions: 
simplifying spatial complexity. Cambridge University Press 
Dunlap M, Pawlik J (1996) Video-monitored predation by Caribbean reef fishes on an 
array of mangrove and reef sponges. Marine Biology 126:117-123 
Easson CG, Slattery M, Momm HG, Olson JB, Thacker RW, Gochfeld DJ (2013) 
Exploring individual- to population-level impacts of disease on coral reef 
sponges: Using spatial analysis to assess the fate, dynamics, and transmission of 
Aplysina Red Band Syndrome (ARBS). PLoS one 8:e79976 
Elliott J, Mariscal R (2001) Coexistence of nine anemonefish species: differential host 
and habitat utilization, size and recruitment. Marine Biology 138:23-36 
Emlen JM (1966) The role of time and energy in food preference. American Naturalist: 
611-617 
Fautin DG (1992) Anemonefish recruitment: the roles of order and chance. Symbiosis 
14:143-160 
 
 
42 
 
Friedlander AM, Parrish JD (1998) Habitat characteristics affecting fish assemblages on a 
Hawaiian coral reef. Journal of Experimental Marine Biology and Ecology 224:1-
30 
Goss-Custard J (1970) The responses of redshank (Tringa totanus (L.)) to spatial 
variations in the density of their prey. The Journal of Animal Ecology:91-113 
Grubb Jr TC, Greenwald L (1982) Sparrows and a brushpile: foraging responses to 
different combinations of predation risk and energy cost. Animal Behaviour 
30:637-640 
Hamner W, Jones M, Carleton J, Hauri I, Williams DM (1988) Zooplankton, 
planktivorous fish, and water currents on a windward reef face: Great Barrier 
Reef, Australia. Bulletin of Marine Science 42:459-479 
Hassell MP (1966) Evaluation of parasite or predator responses. The Journal of Animal 
Ecology:65-75 
Holbrook SJ, Schmitt RJ (2005) Growth, reproduction and survival of a tropical sea 
anemone (Actiniaria): benefits of hosting anemonefish. Coral Reefs 24:67-73 
Holbrook SJ, Brooks AJ, Schmitt RJ, Stewart HL (2008) Effects of sheltering fish on 
growth of their host corals. Marine Biology 155:521-530 
Holling CS (1965) The functional response of predators to prey density and its role in 
mimicry and population regulation. Memoirs of the Entomological Society of 
Canada 97:5-60 
Holyoak M, Leibold MA, Holt RD (2005) Metacommunities: spatial dynamics and 
ecological communities. University of Chicago Press 
Idjadi JA, Karlson RH (2007) Spatial arrangement of competitors influences coexistence 
of reef-building corals. Ecology 88:2449-2454 
Jackson J, Buss L (1975) Alleopathy and spatial competition among coral reef 
invertebrates. Proceedings of the National Academy of Sciences 72:5160-5163 
Junker BH, Schreiber F (2008) Analysis of biological networks. New Jersey John Wiley 
& Sons 
Kuwamura T, Yogo Y, Nakashima Y (1994) Population-dynamics of goby Paragobiodon 
Echinocephalus and host coral Stylophora pistillata. Marine ecology progress 
series 103:17-23 
Lentz JA, Blackburn JK, Curtis AJ (2011) Evaluating patterns of a white-band disease 
(WBD) outbreak in Acropora palmata using spatial analysis: a comparison of 
transect and colony clustering. PloS one 6:e21830 
 
 
43 
 
Lesser MP (2006) Benthic–pelagic coupling on coral reefs: feeding and growth of 
Caribbean sponges. Journal of Experimental Marine Biology and Ecology 
328:277-288 
Lesser MP, Slattery M (2013) Ecology of Caribbean sponges: are top-down or bottom-up 
processes more important? PloS one 8:e79799 
MacArthur RH, Pianka ER (1966) On optimal use of a patchy environment. American 
Naturalist:603-609 
Maldonado M, Young CM (1996) Bathymetric patterns of sponge distribution on the 
Bahamian slope. Deep Sea Research Part I: Oceanographic Research Papers 
43:897-915 
Mariani S, Uriz M-J, Turon X, Alcoverro T (2006) Dispersal strategies in sponge larvae: 
integrating the life history of larvae and the hydrologic component. Oecologia 
149:174-184 
McIlwain J, Jones G (1997) Prey selection by an obligate coral-feeding wrasse and its 
response to small-scale disturbance. Marine Ecology Progress Series 155:189-198 
Mitchel A (2005) The ESRI Guide to GIS analysis, Volume 2: Spatial measurements and 
statistics. ESRI Guide to GIS analysis  
Moran PA (1950) Notes on continuous stochastic phenomena. Biometrika 37:17-23 
Norris RF, Elmore CL, Rejmánek M, Akey WC (2009) Spatial arrangement, density, and 
competition between barnyard grass and tomato: I. Crop growth and yield. Weed 
Science 49:61-68 
Olson J, Gochfeld D, Slattery M (2006) Aplysina red band syndrome: a new threat to 
Caribbean sponges. Diseases of aquatic organisms 71:163 
Paine RT (1966) Food web complexity and species diversity. American Naturalist 
100:65-75 
Paine RT (1969) Pisaster-Tegula interaction: Prey patches, predator food preference, and 
intertidal community structure Ecology 50:950-961 
Papadopulos F, Spinelli M, Valente S, Foroni L, Orrico C, Alviano F, Pasquinelli G 
(2007) Common tasks in microscopic and ultrastructural image analysis using 
ImageJ. Ultrastructural pathology 31:401-407 
Pereira R, Carvalho A, Gama B, Coutinho R (2002) Field experimental evaluation of 
secondary metabolites from marine invertebrates as antifoulants. Brazilian Journal 
of Biology 62:311-320 
 
 
44 
 
Porat D, Chadwick-Furman NE (2004) Effects of anemonefish on giant sea anemones: 
expansion behavior, growth, and survival. Hydrobiologia 530-531:513-520 
Porter JW, Dustan P, Jaap WC, Patterson KL, Kosmynin V, Meier OW, Patterson ME, 
Parsons M (2001) Patterns of spread of coral disease in the Florida Keys The 
Ecology and Etiology of Newly Emerging Marine Diseases. Springer, pp1-24 
Qian SS (2011) Environmental and ecological statistics with R. CRC Press 
Roopin M, Henry RP, Chadwick NE (2008) Nutrient transfer in a marine mutualism: 
patterns of ammonia excretion by anemonefish and uptake by giant sea anemones. 
Marine Biology 154:547-556 
Rützler K (1970) Spatial competition among Porifera: solution by epizoism. Oecologia 
5:85-95 
Rützler K, Macintyre IG (1982) The habitat distribution and community structure of the 
barrier reef complex at Carrie Bow Cay, Belize. Smithsonian Institution Press, 
Washington  
Sale PF (1993) The ecology of fishes on coral reefs. Gulf Professional Publishing 
Schneider KJ (1984) Dominance, predation, and optimal foraging in white-throated 
sparrow flocks. Ecology:1820-1827 
Stoll P, Prati D (2001) Intraspecific aggregation alters competitive interactions in 
experimental plant communities. Ecology 82:319-327 
Thompson J (1985) Exudation of biologically-active metabolites in the sponge Aplysina 
fistularis. Marine Biology 88:23-26 
Tilman D, Kareiva PM (1997) Spatial ecology: the role of space in population dynamics 
and interspecific interactions. Princeton University Press 
Todd PA (2008) Morphological plasticity in scleractinian corals. Biological Reviews 
83:315-337 
Trussell GC, Lesser MP, Patterson MR, Genovese SJ (2006) Depth-specific differences 
in growth of the reef sponge Callyspongia vaginalis: role of bottom-up effects. 
Marine Ecology Progress Series 323:149-158 
Tymiak AA, Rinehart Jr KL (1981) Biosynthesis of dibromotyrosine-derived 
antimicrobial compounds by the marine sponge Aplysina fistularis (Verongia 
aurea). Journal of the American Chemical Society 103:6763-6765 
Uriz MJ, Turon X, Becerro MA, Galera J, Lozano J (1995) Patterns of resource allocation 
to somatic, defensive, and reproductive functions in the Mediterranean encrusting 
 
 
45 
sponge Crambe crambe (Demospongiae, Poecilosclerida). Marine ecology 
progress series 124:159-170 
Webster NS (2007) Sponge disease: a global threat? Environmental Microbiology 
9:1363-1375 
Wilkinson CR, Evans E (1989) Sponge distribution across Davies Reef, Great Barrier 
Reef, relative to location, depth, and water movement. Coral Reefs 8:1-7 
Wong MY (2010) Ecological constraints and benefits of philopatry promote group-living 
in a social but non-cooperatively breeding fish. Proceedings of the Royal Society 
B: Biological Sciences 277:353-358 
Wong MY (2011) Group Size in Animal Societies: The Potential Role of Social and 
Ecological Limitations in the Group‐Living Fish, Paragobiodon xanthosomus. 
Ethology 117:638-644 
46 
 
Curriculum Vitae 
 
ALISSA J. RICKBORN 
D.O.B. 1988 
 
Boston University, Department of Biology and Marine Program 
5 Cummington Mall, Boston, MA 02215 
Email: rickborn@bu.edu 
Tel: (602) 326-3181 
 
Education 
 
B.S. (Biology), summa cum laude, May 2010, Arizona State University, School of Life 
Sciences, Tempe, AZ. Thesis topic: Trophic Dynamics of Aquatic Zooplankton. GPA 3.84/ 
4.00 
 
Experience and Teaching 
 
May 2009- December 2010, Researcher for Dr. Susanne Neuer (Oceanography), Arizona 
State University 
Responsibilities: Standardize methods that can be used to extract viable DNA from the digested  
materials of aquatic zooplankton, and use these procedures to create a precise model of 
zooplankton trophic dynamics in an aquatic environment. 
 
January 2010- May 2010, Teaching assistant for introductory biology laboratory, Arizona 
State University  
Responsibilities: Prepare lectures pertaining to laboratory material, lead experiments, grade  
student work, tutor and prep students for lecture exams, and create worksheets, quizzes, 
and tests.  
 
January 2011- May 2011, PADI Scuba Instructor, Happy Divers, Marbella, Spain.  
Responsibilities: Teach beginning to advanced (dive master) scuba courses. 
 
September 2012- May 2013, Teaching Fellow, Boston University Marine Program 
Courses taught: Marine Megafaunal Ecology (CAS BI 546), Marine Biology (CAS BI 260).  
 
September 2012- May 2013, Science Club for Girls- Research Mentor, Cambridge, 
Massachusetts  
Responsibilities: Mentor high school girls from local high schools- help them conduct an 
independent research project to present at the Cambridge Science Festival.  
 
 
 
 
 
47 
September 2013- Present, BioBugs Co-coordinator, Boston University 
Responsibilities: Coordinate with science teachers from local “at-need” high schools to help 
bring their classes to BU for a week long lab-intensive science experience in ecology and 
microbiology. Teach, oversee, and coordinate lab activities.  
Presentations and Publications 
Rickborn, Alissa (2009). Competition for space in benthic environments: the allelopathic and 
overgrowth responses of native sponges and a non-native ascidian on a coral reef in Bonaire, 
NA. Presented at Arizona State University, Tempe, AZ.  20th Annual Summer Research 
Symposium for Undergraduates.  
Rickborn, Alissa, Jessica Amacher, and Susanne Neuer (2010). Can viable DNA be extracted 
from the digested materials of aquatic zooplankton? Presented at Arizona State University, 
Tempe, AZ. 19th Annual Undergraduate Research Poster Symposium.  
Rickborn, Alissa (2012). Symbiosis across taxa: The relationship between sponges and their 
inhabitants. Presented at Smithsonian Tropical Research Station, Bocas Del Toro, Panama.  
International Sponge Taxonomy and Ecology.  
Rickborn, A. & P.M. Buston (2013). The life history transitions of the coral reef fish Elacatinus 
lori. In review.  
Scholarship and Awards 
Regent High Honors Endorsement Scholarship (2006), $20,000 
ASU Study Abroad Academic Scholarship (2009), $500 
School of Life Sciences Undergraduate Research Program Grant (from Howard Hughes 
Medical Institute and ASU) (2008- 2010) 
Summa cum laude (2010) 
NSF Graduate Research Fellowship (2012- present) 
PADI Foundation Grant (2012), $6,800 
American Society of Ichthyologists and Herpetologists- Raney Award (2013), $985 
